Acidophilic organisms, such as Acidithiobacillus ferrooxidans, possess high-level resistance to copper and other metals. A. ferrooxidans contains canonical copper resistance determinants present in other bacteria, such as CopA ATPases and RND efflux pumps, but these components do not entirely explain its high metal tolerance. The aim of this study was to find other possible copper resistance determinants in this bacterium. Transcriptional expression of A. ferrooxidans genes coding for a cytoplasmic CopZ-like copper-binding chaperone and the periplasmic copper-binding proteins rusticyanin and AcoP, which form part of an iron-oxidizing supercomplex, was found to increase when the microorganism was grown in the presence of copper. All of these proteins conferred more resistance to copper when expressed heterologously in a copper-sensitive Escherichia coli strain. This effect was absent when site-directed-mutation mutants of these proteins with altered copper-binding sites were used in this metal sensitivity assay. These results strongly suggest that the three copper-binding proteins analyzed here are copper resistance determinants in this extremophile and contribute to the high-level metal resistance of this industrially important biomining bacterium.
C
opper is a trace element that is indispensable for all cells, since it is used as a cofactor by many proteins involved in redox reactions (1) . Nonetheless, when the copper concentration exceeds physiological levels, it becomes highly toxic (2) (3) (4) (5) . Thus, many microorganisms have developed different strategies to keep copper homeostasis in balance. General copper resistance mechanisms used by Gram-negative bacteria have been described in detail for Escherichia coli. This bacterium uses an ATPase (CopA) that is orthologous to the one found in Bacillus subtilis (6) , an RND family system (CusCFBA) involved in copper efflux, and a multicopper oxidase (CueO) that oxidizes Cu(I) to its less toxic form, Cu(II), in the periplasm (7, 8) . Some E. coli strains can develop in environments with elevated levels of copper (5 to 8 mM). These strains hold the pRJ1004 plasmid, which codes for additional copper resistance determinants (Pco system), such as an extra copper oxidase and some periplasmic and outer membrane-bound proteins that can bind copper (9) . This serves as an example of the importance of having systems that capture copper in the periplasm or at the surface of Gram-negative bacteria to increase their copper tolerance.
No cytoplasmic copper chaperone that delivers copper to CopA has been described for E. coli. However, it was recently reported that export and delivery of copper to periplasmic chaperones take place by a direct interaction between a domain of CopA and CusF at the periplasm of E. coli (10) . On the other hand, one of the two metal-binding domains of E. coli CopA has been suggested to adopt the function of the missing copper chaperone in this microorganism (11) .
The first copper resistance mechanism reported for Gram-positive bacteria was a copper-exporting P-type ATPase in Enterococcus hirae that transports this metal from the cytoplasm to the extracellular space (12) . In addition, a cytoplasmic copper chaperone (CopZ) that binds and delivers copper to CopA was described for Bacillus subtilis (6) . These systems represent a general mechanism used by Gram-positive bacteria (13, 14) . CopZ-like proteins, such as those proposed for Salmonella enterica serovar Typhimurium and Thermus thermophilus (15, 16) , are also encoded in many proteobacterial genomes.
Acidithiobacillus ferrooxidans is a widely studied Gram-negative extremophilic bacterium involved in metal bioleaching (17, 18) . Some A. ferrooxidans strains can thrive in environments with very high copper concentrations (19, 20) , and it has been proposed that this copper tolerance may be due to a combination of different detoxification strategies involving duplication of copper resistance genes, participation of periplasmic metallochaperones, and the presence of a polyphosphate (polyP)-based copper resistance system (19) . One of the chaperones is a CusF-like protein.
A. ferrooxidans ATCC 23270 has two cusF-like genes, and strain ATCC 53993 contains four cusF-like genes. The encoded proteins could bind to copper in the periplasm and deliver it to the CusCBA system that mediates the efflux of this metal to the extracellular space (20, 21) . The other copper chaperone present in the periplasm of A. ferrooxidans is CopC Af (21, 22) , an ortholog of PcoC from E. coli (9) and CopC from Pseudomonas syringae (23) .
One of the most abundant proteins in ferrous iron-grown A. ferrooxidans is the cupredoxin rusticyanin (Rus), occupying 21% of the total volume in the periplasmic space (24) . This periplasmic component forms part of an iron-oxidizing/oxygen-reducing su-percomplex spanning both the inner and outer membranes of A. ferrooxidans (25, 26) . Rus and other components of the rus operon have also been found to be expressed at lower levels in sulfurgrown cells (25, 27) . However, the role for Rus in sulfur-grown cells is still not clearly defined (25) . Thus, the overexpression of Rus in sulfur-grown cells exposed to copper supports the idea that this copper-binding protein, and possibly other components of the rus operon, may have an additional role in A. ferrooxidans copper resistance, as previously suggested by Felício et al. (28) and recently supported by Almárcegui et al. (29) . In this regard, analysis of the A. ferrooxidans periplasm by high-throughput proteomics, including high-resolution linear ion trap-Fourier transform mass spectrometry (FT MS), allowed the identification of 131 periplasmic proteins (22) . Among these proteins, several are uncharacterized, including AFE_3151. This protein was later proposed to be part of the iron-oxidizing/O 2 -reducing system in A. ferrooxidans (26, 30) . This periplasmic protein, now named AcoP, was recently characterized and also contains a cupredoxintype copper-binding site that binds one Cu atom per molecule and likewise forms part of the rus operon and the iron respiratory system (31) . Furthermore, the levels of AcoP also increased in sulfur-grown cells in the presence of copper (29) . Rus and AcoP have conserved copper-binding sites (HXCX 2-4 HX 4 M and HXCX 4 -8 HX 4 M, respectively) (31) such as those described for CopC, a cupredoxin-like copper-binding protein from P. syringae involved in copper homeostasis (32) .
Previous studies using high-throughput quantitative isotope-coded protein label (ICPL)-labeling proteomics showed that subjecting A. ferrooxidans ATCC 23270 to 40 mM copper sulfate changed the expression of several proteins related to the copper response, such as the upregulation of a Cus system and the downregulation of the major outer membrane porin (29, 33) . One of the upregulated proteins (almost 15-fold) is encoded by AFE_1862, annotated in the genome of A. ferrooxidans ATCC 23270 as a putative heavy metal-binding protein gene. This protein contains a possible heavy metal-binding domain (MXCXXC) similar to the one found in CopZ-like proteins.
The possible roles of the Rus and AcoP periplasmic cupredoxins and the putative cytoplasmic CopZ protein in copper resistance in A. ferrooxidans are explored in the present report. The results obtained strongly suggest that the AFE_1862 protein is a CopZ-like protein and is the first cytoplasmic copper chaperone described for A. ferrooxidans with a role in copper resistance. Likewise, the blue (Rus) and green (AcoP) copper cupredoxins not only apparently function as components of the ferrous iron oxidation pathway in this acidophilic microorganism but also may bind excess copper in the periplasm, most likely playing a role in the considerably high copper resistance of A. ferrooxidans.
MATERIALS AND METHODS
Bacterial strains and growth conditions. A. ferrooxidans strain ATCC 23270 was grown at 30°C in 9K medium supplemented with ferrous sulfate, with an initial pH of 1.5 (27) , and in the absence or presence of different concentrations of copper sulfate (5 to 40 mM).
Commercial E. coli TOP10 (Invitrogen) and copper-sensitive E. coli K-12 (⌬copA ⌬cueO ⌬cusCFBA) strains were used as described before (21) . These transformed E. coli strains were grown at 37°C in LuriaBertani (LB) medium, and in the same medium including 1.5% agar for growth on solid plates. Ampicillin (100 g/ml) was used as a selection marker, and when necessary, 0.1% arabinose or 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) was added to induce the expression of the genes.
Preparation of A. ferrooxidans total cell-free protein extracts. A. ferrooxidans cells grown until late exponential phase were harvested by centrifugation (3,000 ϫ g for 15 min at 4°C), washed three times with dilute sulfuric acid (pH 2.5), and resuspended (50 mg [wet weight]/ml) in a sonication buffer (30 mM Tris-HCl, pH 7.5, and 100 g/ml phenylmethylsulfonyl fluoride). Disruption by sonication was carried out on ice by using 10 pulses of 15 s each. Cell debris was removed by centrifugation at 10,000 ϫ g for 10 min at 4°C. Protein quantification was performed by the Bradford method (34) by using Coomassie Plus protein assay reagent (Pierce).
qRT-PCR. Total RNAs were extracted from A. ferrooxidans cells grown in the presence of different copper sulfate concentrations until the late exponential phase by using TRIzol (Invitrogen) as described before (20, 21) . For each reverse transcription reaction, 0.8 g of total RNA, 0.5 g of random hexamers (Promega), and 3 mM MgCl 2 were used. ImProm-II reverse transcriptase (Promega) was used, and reverse transcription was started by a 10-min incubation at 25°C to promote primer annealing, followed by 1 h of incubation at 42°C for the synthesis of the cDNA. Reactions were finished by incubating the mixtures for 10 min at 65°C to inactivate the enzyme. Quantitative real-time PCRs (qRT-PCRs) were performed in a Corbett Rotor Gene 6000 system (Corbett Research) in 0.2-ml "PCR-type tubes" (Qiagen). Each reaction mixture contained 1 l of cDNA (1:20 dilution for the target genes and 1:200 dilution for the 16S rRNA reference gene), 1 M (each) primers, and 7.5 l of Rotor Gene SYBR green PCR master mix (Qiagen) in a final volume of 15 l completed with RNA-free water. The general incubation program used was 10 min at 95°C followed by 30 cycles of 15 s at 95°C and 30 s at 60°C.
Generation of site-directed mutations in AcoP, CopZ Af , and Rus. The SLIM method (35) was used to generate simultaneous Cys13Ser and Cys16Ser mutations at the putative copper-binding site of CopZ Af by cloning the copZ Af gene into the pTrcHis2-TOPO vector. This double mutant is called CopZ Af mut in the text and figures. This method was also used to generate the Cys159Ala mutation in the copper-binding site of AcoP, except that the acoP gene was cloned into the pBAD-TOPO vector. The primers used in each case are shown in Table 1 . Pfu Ultra II polymerase (Agilent) was used to amplify the genes from the pTrcHis2-TOPO and pBAD-TOPO plasmids, and the PCR products obtained were electroporated into E. coli TOP10 (Invitrogen). Finally, the vector carrying the mutated gene was transformed into E. coli K-12 (⌬copA ⌬cueO ⌬cusCFBA) to determine the heterologous expression of the A. ferrooxidans genes.
Rus mutants were obtained by site-directed mutagenesis as described before (36) . The primers used are shown in Table 1 . The complete PCR product of rus was cloned into the pBAD-TOPO (Invitrogen) vector for its expression in the cytoplasm, and the correct orientation of the gene was checked before transformation into E. coli K-12 (⌬copA ⌬cueO ⌬cusCFBA) (21). To express rus at the periplasm, the vector pBAD-gIII (Invitrogen) was used because it encodes the pIII signal peptide associated with the protein to be expressed. This allows export of the heterologous protein to be expressed in the periplasmic space of E. coli via its Sec system. The primers used to amplify rus harbored NcoI and PstI restriction sites. Once the PCR product was obtained, it was cloned into pGEM-T Easy (Promega) and digested with the indicated restriction enzymes, and the rus fragment was then ligated into pBAD-gIII previously linearized with NcoI/PstI. Vectors containing the wild-type and mutant versions of rus were transformed into E. coli K-12 (⌬copA ⌬cueO ⌬cusCFBA).
Heterologous functional assays for Rus, AcoP, and CopZ Af . Since there is a lack of efficient and reproducible methodologies to generate knockout mutants in A. ferrooxidans, the genes under study were expressed in the copper-sensitive E. coli mutant described in the previous section. The MICs of copper for the different E. coli strains and constructs generated in this work were determined by using cells grown in LB medium containing 100 g/ml ampicillin and supplemented with 1 mM IPTG or 0.1% arabinose and in the presence of 0.5 to 4.0 mM CuSO 4 . Incubations were done for 18 h at 37°C with rotary shaking. Finally, the lowest concentration of copper that inhibited growth by more than 50% compared to that of the control strain containing the plasmid without insert was considered the MIC value for each transformant.
Northern blotting. Northern blot assays were done by using standard procedures (37) . Total RNA from A. ferrooxidans was subjected to electrophoresis in an agarose-formaldehyde gel followed by transfer of the separated fragments to a nylon membrane. The full rus gene and a fragment of cyc2 (nucleotides 1 to 400) were used as probes. Probes were labeled with [␣-32 P]dCTP by using a Random Primers DNA labeling system kit (Life Technologies). Hybridization was performed overnight at 42°C by using standard procedures (38) . Hybridized membranes were washed twice with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at room temperature for 15 min, twice with 1ϫ SSC-0.1% SDS at 42°C for 15 min, and twice with 0.1ϫ SSC-0.5% SDS at 65°C for 15 min and then exposed overnight to a PhosphorImager screen as described before (39) .
Western immunoblotting. Proteins present in cell-free protein extracts from A. ferrooxidans were separated by SDS-PAGE and electrotransferred to a polyvinylidene difluoride (PVDF) membrane as described previously (40) . For the antigen-antibody reaction, the membrane containing the transferred proteins was treated with a primary antiserum against Rus (diluted 1:5,000) or Cyc2 (1:4,000) and with anti-rabbit IgGperoxidase conjugate (Amersham) as a secondary antibody, at a dilution of 1:5,000. A colorimetric method was used to develop Western blots as recommended by Promega.
RESULTS
copZ Af from A. ferrooxidans is structurally similar to copZ from B. subtilis, and its transcriptional expression increases in cells exposed to copper. CopZ-like proteins are well described for B. subtilis and E. hirae, and in both bacteria copZ is part of an operon with at least one copper-related ATPase gene (Fig. 1A) . On the other hand, the genomic context of the copZ Af gene shows that it does not form part of an operon with any other copper-related genes. Alignment of the amino acid sequence of CopZ Af with those of the orthologous proteins from B. subtilis and E. hirae showed that the residues that would form part of the copper-binding site of CopZ Af are conserved (Fig. 1B) . The amino acid sequence of CopZ Af showed 33% identity to the orthologous proteins from B. subtilis and E. hirae. Comparison of structure homology models between CopZ from B. subtilis (CopZ Bs ) (41) and CopZ Af showed that the structure of CopZ Af is very well conserved (Fig. 1C) . Two site-directed mutations were generated in copZ Af to obtain a mutated gene (copZ Af mut) in which the codons for the two cysteine residues of the possible metal-binding domain MXCXXC (Cys13 and Cys16) were changed to serine codons. It was expected that this mutation would not affect the structure or stability of the protein, since these residues are exposed at the surface of the protein (Fig. 1C) and the serine residue is structurally similar to cysteine. Nevertheless, this mutation was expected to affect copper binding to CopZ Af (see below).
Transcriptional expression of copZ Af was studied by real-time PCR. A. ferrooxidans cells were grown at the indicated CuSO 4 concentrations (Fig. 2) . For the culture grown at 40 mM copper sulfate, it was necessary to adapt the cells by using subcultures in which the copper concentration was increased gradually. As shown in Fig. 2 , expression of CopZ Af was upregulated in the presence of the metal and attained its maximum level at 20 mM CuSO 4 .
Transcriptional expression of acoP and rus increases in A. ferrooxidans cells grown in the presence of copper. To explore the possible roles of the Rus and AcoP periplasmic proteins in copper resistance in A. ferrooxidans, the effects of copper on the transcriptional levels of acoP and rus were determined by qRT-PCR. Transcriptional expression of rus was augmented up to 4-fold with increasing copper concentrations (Fig. 2) , also attaining its maximum level at 20 mM copper sulfate. In addition, transcriptional levels of acoP were increased when A. ferrooxidans was exposed to the metal, reaching the maximal effect (about 5-fold) at 40 mM Cu (Fig. 2) . Currently, it is not known how the expression of rus is regulated in the presence of copper. As already mentioned, the rus gene is part of an operon that encodes the proteins involved in the oxidation of iron (25, 42) . The acoP gene is also part of this operon that has at least three promoters (Fig. 3A, arrows) . Previously, two promoters were proposed to be upstream of the cyc2 gene, which lies at the beginning of the operon, while a third promoter is present upstream of rus, the last gene in the polycistron (25) . It was reported recently that Cyc2 is downregulated in iron-grown cells in the presence of copper (33) . However, as seen in Fig. 2 , both acoP and rus were upregulated under these conditions. This suggests the possible existence of an additional internal promoter upstream of acoP (Fig.  3A) . It was reported before (25) that the entire rus operon transcript has 7,500 nucleotides, and additional bands of around 850 and 1,300 nucleotides were also seen by Northern blotting. These bands were explained by the presence of a possible internal promoter(s) and/or processing of the rus operon transcripts by endoand exoribonucleases (25) . When total RNA extracted from A. ferrooxidans cells exposed to copper was analyzed by Northern blotting, increased expression of transcripts of around 700 and 1,200 nucleotides was seen, but only the 700-nucleotide band showed a strong increase in intensity in cells grown in the presence of copper (Fig. 3B ). This indicates that the expression of rus was only from the promoter directly upstream of this gene, not from the promoters at the beginning of the polycistron, and suggests that only rus is overexpressed in the presence of the metal. To further validate this result, a Northern blot assay was performed by using radioactively labeled rus or a fragment of cyc2 as a probe of total RNA for cells grown with increasing concentrations of copper (Fig. 3C) . The expression of rus showed substantial variation, in a dose-dependent fashion. In contrast, the expression of cyc2 showed no meaningful changes. Additionally, a Western blot analysis was undertaken by using total cell-free protein extracts from cells grown at the same copper concentrations used for the Northern blots and using polyclonal anti-Cyc2 or anti-Rus antibodies (Fig. 3D) . In the presence of copper, the levels of Rus were increased, ratifying the observations seen at the transcriptional level by using real-time RT-PCR (Fig. 2) . The expression of the Cyc2 protein did not change under these conditions. Expression of A. ferrooxidans genes copZ Af , rus, and acoP confers a higher level of copper resistance on E. coli. Although the possibility of protein instability caused by site-directed mutagenesis cannot be discarded, this procedure was used to test the loss of functionality of the proteins of interest. Expression vectors containing the copZ Af and copZ Af mut genes were transformed into an E. coli strain that is hypersensitive to copper (21) .
The heterologous expression of CopZ Af in the E. coli cytoplasm increased the MIC of copper around 3-fold for this bacterium. On the other hand, the proteins with Cys13Ser and Cys16Ser mutations did not show the same phenotype (Table 2 ).
When AcoP was tested in E. coli, a similar effect of conferring a higher level of metal resistance on this bacterium was seen with the wild-type protein expressed in the cytoplasm. When the amino acids involved in metal binding in AcoP were changed by sitedirected mutagenesis, the effect of an increased copper MIC given by expression of the wild-type protein in E. coli was lost (Table 2) . On the other hand, Rus has been described as a periplasmic cupredoxin, and its copper-binding site is well characterized, being formed by H85, H143, and C138 (43) . To analyze if Rus has the ability to increase the copper resistance of a heterologous host, the rus gene and mutant genes encoding the H85A or C138A mutation were cloned into vectors that direct protein expression to the cytoplasm, followed by their transformation into the copper-sensitive E. coli strain. The expression of Rus increased the copper resistance of E. coli, suggesting that the presence of the protein confers resistance to this metal. Moreover, expression of the mutated proteins did not confer copper resistance on the heterologous host ( Table 2) . The results obtained when protein expression was directed to the periplasm were essentially the same (not shown).
DISCUSSION
In addition to the general mechanisms present in acidophilic microorganisms to diminish free entrance of cations, such as a positive inside (44, 45) , a positive periplasmic barrier due to the very basic isoelectric points of most periplasmic proteins (22) , and outer membrane protein adaptations (46) , several copper resistance determinants have been proposed for A. ferrooxidans. As already mentioned, among these are metal resistance determinants and periplasmic copper chaperones (19) . In E. coli, zeptomolar concentrations of Cu(I) can activate the transcriptional regulator CueR that promotes the expression of copper resistance systems; this represents approximately one atom of free copper per cell (47) . For this reason, many species have developed proteins that are involved in the cytoplasmic binding and trafficking of copper as a way to prevent the damage caused by this metal. The gene coding for CopZ Af has no signal peptide, and the use of subcellular localization software predicted a cytoplasmic location of the protein (not shown). The results obtained with Cys13Ser and Cys16Ser mutations clearly indicate that the cysteines present at the possible metal-binding site of CopZ Af bind copper, supporting the possible role of this protein in copper resistance in A. ferrooxidans.
This evidence strongly suggests that CopZ Af may be a cytoplasmic metallochaperone that is involved in copper binding in the cytoplasm of A. ferrooxidans, like the CopZ proteins from E. hirae and B. subtilis. When A. ferrooxidans ATCC 23270 is exposed to copper, the expression of three copper-related ATPases is induced. Two of these ATPases are similar to E. coli CopA, but they contain only one metal-binding domain (21) . Thus, it will be of interest in future studies to analyze the possibility that CopZ Af binds copper at the cytoplasm to deliver it to one of these ATPases to aid in copper detoxification. Beyond the possibility that CopZ Af may interact with an ATPase, the fact that this protein can capture copper at the cytoplasm already represents a copper resistance mechanism, and despite this process being saturable (if the chaperone does not deliver a copper ion to the ATPase), the presence of this protein would help to reduce the amount of free copper in the cytoplasm.
An increased time of growth has been observed for ferrous iron-grown A. ferrooxidans cells in the presence of copper, suggesting that respiration is affected and the oxidation of ferrous iron occurs more slowly in the presence of the metal (33) . It is well documented in the literature that ferrous iron oxidation decreases in several A. ferrooxidans strains when the copper concentration increases (48) . The results reported here showed that two respirasome proteins, AcoP and Rus, are upregulated in A. ferrooxidans cells in the presence of copper, suggesting that they might have an additional role in copper tolerance.
Rus could eventually be saturated with the bound copper, as occurs with CopC in the copper resistance mechanism of Pseudomonas syringae pv. tomato (23) . However, Rus copper trapping would be only one of many other components that respond to the presence of the toxic metal in the cells. In addition to the polyPdependent possible copper resistance mechanism reported previously for A. ferrooxidans (19) , several protein changes have been reported for cells subjected to copper. For example, the levels of OMP40, the major outer membrane protein of A. ferrooxidans, are greatly diminished in the presence of the metal, most likely to diminish the free entrance of cations into the cell (33) .
It is known that in aerobic systems, supplied Cu(II) is reduced to Cu(I) upon contact with the respiratory chain of bacteria (49, 50) . Most likely, reduced quinones are the electron donors. Since Cu(I) is much more toxic than Cu(II), it could be exported from the periplasm to the outside by Cus-like RND systems or oxidized back to Cu(II) by CueO/PcoA/CopA-like periplasmic coppercontaining copper oxidases. A. ferrooxidans has Cus-like RND systems (21), but it apparently lacks genes coding for periplasmic copper-containing copper oxidases. An interesting speculative possibility for this acidophile to prevent extreme Cu(I) toxicity would be to transfer an electron from Cu(I) to the iron oxidation system. For this to happen, it would be necessary that apo-Rus and/or apo-AcoP be able to bind Cu(I) at the periplasm. In this connection, it is known that folded apo-Rus rapidly binds Cu(I) with a much higher affinity than that for Cu(II) (51) . As proposed by Li et al. (24) , the concentrated Rus in the periplasm would constitute a network in which interprotein electron transfer interactions across the periplasmic space would effectively function in connection with the respirasome. It is not unthinkable, then, that this copper-binding protein may also constitute in part a barrier to trap excess copper in a microorganism normally confronted with high concentrations of this metal. Primary copper resistance systems, such as ATPases, require energy from ATP, and secondary transport systems, such as RND efflux pumps, need a proton gradient. Consequently, these efflux systems directly depend on the metabolic state of the bacterium. If the presence of metal alters the metabolism of the bacterium, the operation of these defense systems may be affected. In contrast, cupro-proteins represent a saturable mechanism of resistance that is energy independent (beyond the energy used for the synthesis of the protein). Thus, if these copper-binding proteins are highly expressed, they may constitute a very efficient copper resistance system in A. ferrooxidans. A typical case of this kind of system is the copper resistance mechanism of Pseudomonas syringae pv. tomato, which has in its genome a cluster of four genes orthologous to the genes encoding the Pco system of E. coli. This system is based on proteins that capture copper in the periplasm and in the outer membrane of the bacterium (23) . Because of this system, when P. syringae is exposed to copper, the colonies acquire a blue coloration (52) .
Finally, based on the experimental evidence presented in the present work, it is proposed that the A. ferrooxidans copper-binding proteins studied here may represent three important copper resistance determinants that capture this metal in the periplasm (Rus and AcoP) or the cytoplasm (CopZ Af ), and together with previously reported systems (18, 19) , these proteins may be of great functional value for copper resistance in this acidophile.
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